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Abstract
Previous work on spray flames has shown that different propagation mecha-
nisms may occur depending on the size and number density of droplets. In
this work, the structure and propagation of flames in uniformly dispersed
sprays of low-volatility fuels is experimentally examined. The effect of the
Sauter mean diameter (SMD) of the spray (16-33µm) on the propagation
modes, flame speed, and flame curvature is assessed in weakly turbulent
sprays, with the ratio of axial velocity rms to the gaseous laminar burning
velocity u′z/SL,g ranging from 0.5-2.5, and overall equivalence ratio φ of 0.8, 1,
and 1.4. The growth of the flame is evaluated from OH*-chemiluminescence
and schlieren visualisation, which combined to OH/fuel planar laser-induced
fluorescence visualisation reveal details of the propagation mechanisms. The
aviation fuels investigated – Jet A and a renewable alternative, ATJ-8 – ex-
hibited similar flame speed behaviour due to changes in SMD in each of the
propagation modes identified: the droplet, inter-droplet, and gaseous-like
modes. Concentrated reactions around large droplets found in lean condi-
tions (φ= 0.8) allowed for a slowly propagating flame front which, in turn, ig-
nited new droplets. Stoichiometric to rich conditions (φ=1, 1.4) were marked
by stronger evaporation ahead of the flame and, therefore, higher and more
uniform heat release across the flame. Still, droplets penetrated the flame,
locally inducing regions of negative flame curvature and continuing to evap-
orate in the burnt products. The droplet-induced effects disappeared at low
SMD (16µm, φ=1.4), giving rise to a fully gaseous layer ahead of the flame
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and the highest flame speeds. At rich conditions and high SMD, Jet A had
a lower flame speed than ATJ-8.
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1. Introduction
The development of cleaner and more efficient aviation engines operating
with non-petroleum fuels relies on fundamental understanding of the pro-
cesses controlling the operating envelope of the engine: the ignition and lean
blow-off of the flame. In the present work, the droplet-flame interactions and
their role in the propagation mechanisms of the flame are investigated, thus
addressing a common feature of both transient processes found in gas turbine
combustors.
Some of the fundamental ideas concerning flame propagation in sprays
were first introduced in the early experimental work of Burgoyne and Cohen
[1], who verified that the size of the droplets played an important role in
determining the propagation characteristics of a tetralin-air flame. A prop-
agation behaviour similar to a gaseous flame was observed in experiments
with small droplet sizes, while a transition to propagation through individu-
ally burning droplets occurred as the droplets became larger, increasing from
10µm to 55µm. Following this work, a number of other experiments [2–12]
mainly observed a detrimental effect of increasing the droplet size of the
spray on flame speed, which was verified through parametric studies consid-
ering the spray, mixture, and flow characteristics. This was attributed to the
fact that part of the energy released by the flame is required to vaporise the
fuel droplets, which is usually controlled by long evaporation timescales [13].
Hence, decreasing the amount of prevaporised fuel or varying any parame-
ters of the two-phase mixture in order to reduce evaporation rates can be
expected to have a detrimental impact on flame speed. However, it has been
shown in [1, 5–7, 10, 11] that the flame speed in a spray can be enhanced
at optimal droplet sizes, that is, it can be higher than the laminar burning
velocity of a gaseous mixture with the same equivalence ratio.
To account for this effect, the propagation of the flame across a droplet
mist has been modelled as a combination of individually burning droplets
and homogenous reaction in a gaseous mixture [14], improving the previous
model proposed in [8]. In fact, this mechanism comprising a homogenous
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reaction occurring in rapidly evaporating droplets and an additional relay-
transfer propagation between large droplets has been first proposed in [2] and
further developed in [15], simply based on limited macro-scale photographs of
the flames. This approach has led to an improved prediction of the unusually
high values of flame speed found in experiments.
The contrasting results of experiments and lack of detailed information on
the flame structure due to the complexities involved in spray experiments mo-
tivated recent work on this topic using direct numerical simulations (DNS).
In DNS of igniting spherically expanding flames in sprays, the droplet-scale
structure of the flame and its development have been observed with simplified
[16–19] and complex chemistry [20]. In the work of Neophytou et al. [20], two
flame propagation mechanisms according to the early description of [2] were
identified, namely the droplet and the inter-droplet ignition modes, which
were observed up to 1.5 times the chemical timescale of the flame after the
spark, that is, similar to the critical time scale verified in experiments [21].
The droplet ignition mode was observed in dilute sprays with Group number
[22] G < 6 and exhibited propagation through bridges of mixture fraction in a
below-flammable inter-droplet space, driven by diffusion of heat and species
from individually burning droplets. A different mechanism was verified in
dense sprays (G=20), where a more homogenous flame front was found due
to strong droplet evaporation occurring in the pre-heat layer of the flame and
reaction occurring in near-stoichiometric mixture fraction conditions.
Flame propagation is a key factor controlling the early-phase ignition of
sprays; a process that comprises the generation of a flame kernel [23], and
can be understood based on a critical time scale concerning the duration
of the spark effects on the flame [21]. First, a flame kernel is formed by
external deposition of energy generating a high-temperature plasma, which
subsequently cools to near-adiabatic flame temperatures [16]. Insight can be
drawn from autoignition processes [24] to understand this spark-controlled
phase, as failure to establish a kernel is usually attributed to factors leading
to a slow autoignition process [23]. Following the cooling of the plasma, a
net increase of chain-branching reactions occurs [25, 26], marking the end
of the overdriving effects of the spark. At this point, successful ignition
of the kernel depends solely on the propagation of the flame into the fresh
mixture, given fuel is readily available and that heat losses to the surrounding
flow are overcome [23]. The presence of fuel droplets in the flow and their
interaction with the flame, turbulence, as well as with each other, increases
the complexity of this propagation-controlled phase and, therefore, must be
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considered.
Moreover, important droplet-scale phenomena have been identified as
main factors controlling flame propagation, such as the presence of mixture
inhomogeneities as well as droplet-induced increase of flame surface area
due to wrinkling [4, 7, 11, 27]. The effective equivalence ratio was defined
as the actual equivalence ratio at the inter-droplet spacing resulting from
fuel evaporation between the fresh mixture and the high-temperature region
ahead of the flame [7]. The importance of this parameter was verified in
DNS [17, 20, 28, 29], in which preferential flame propagation was observed
in regions of optimal equivalence ratio near stoichiometry. Additionally, the
contribution of droplet-induced curvature in DNS of laminar and turbulent
spray flames has also been verified to increase with droplet size of the spray
[18, 19]. Further, droplet penetration through the flame leading to additional
fuel influx reaching the flame front from the burnt products side [16, 28]
and possibly undergoing pyrolysis in that region due to high temperatures
[20] have also been observed to give rise to high flame speeds in sprays in
addition to droplet-induced wrinkling and mixture inhomogeneities. Some
evidence of droplet penetration has been verified in spherically expanding
flame experiments directly through schlieren [30] and by tracking the sudden
change of velocity of ethanol droplets as they crossed the flame [27]. At those
conditions, triggering of Darrieus-Landau instabilities leading to flame wrin-
kling was observed through schlieren and associated with the phenomenon of
droplet penetration across the reaction zone [27]. This phenomenon has been
demonstrated to be an important feature of stable spray flames [1]. As visu-
alised in a spray jet flame [31], large droplets with high momentum transport
significant amounts of fuel to secondary regions of the flame, as they survive
the flame’s leading edge near the injection nozzle. The presence of several
large droplets at the reaction zone may locally induce high fluctuations of
heat release and even promote local extinction by intense evaporative cooling
[31, 32].
Thus far, there has been no experimental droplet-scale visualisation of
the interaction between the droplets and the flame nor experimental ev-
idence of the propagation mechanisms in turbulent spray flames and the
range of conditions in which they occur. Typically, DNS has been used to
investigate these aspects of spray flames, but this approach is limited due its
modelling assumptions of the spray and the combustion chemistry, often not
meeting certain conditions relevant to real applications. Advanced diagnos-
tics provide an opportunity of measurements to be taken at droplet scale in
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canonical experiments while featuring polydiserse sprays and complex multi-
component fuels – two aspects especially relevant to gas turbine combustion.
In this work, the problem of a spherically expanding flame is investigated
in a uniformly distributed droplet field advected by a weakly-turbulent flow
with constant mean velocity, which preliminary results have been presented
in [33, 34]. The main objectives of this study are:
1. Visualise the structure of spray flames and their propagation modes at
the droplet scale using OH*-chemiluminescence, schlieren, and simul-
taneous OH/fuel planar laser induced fluorescence (PLIF), quantifying
the impact of the droplets on the flame structure through an evaluation
of the two-dimensional flame curvature.
2. Experimentally evaluate the turbulent flame speed of two jet fuels,
Jet A and ATJ-8 (a renewable alcohol-to-jet fuel) as a function of the
spray’s SMD and overall equivalence ratio by using OH*-chemiluminescence
visualisation. Both fuels are real aviation fuels, with each specific fuel
batch being well characterised in terms of thermophysical and chemi-
cal properties [35, 36] as well as laminar burning velocities [37], mainly




The experimental apparatus used in the present work has been previously
presented in detail [21], thus, only its main characteristics are described in
this section for completeness. The apparatus shown in Fig. 1 consists of a
burner, i.e. a diverging-converging tube, where the liquid fuel is atomised by
an air-assist atomiser and carried by the main air flow. The two-phase flow
passes through a converging section and exits the burner through a 20.8-mm
diameter nozzle, forming a jet characterised by a top-hat velocity profile,
uniform turbulence, and uniform distribution of droplet sizes across its di-
ameter, as discussed in [21]. The droplet size distribution is set between a
fine monodisperse-like spray and a coarse spray by adjusting the air flow rate
into the atomiser while keeping constant the total air flow and the fuel flow.
Thus, the droplet size is adjusted independently of the overall equivalence
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Table 1: Thermochemical surrogate composition of the aviation fuels studied [35].











ratio of the mixture. A detailed characterisation of the spray is presented in
Sec. 3.1, showing that the resulting Sauter mean diameter (SMD) was be-
tween 16 and 33µm. The preheating temperature of the air is set to 100 ◦C,
resulting in partial prevaporisation of the fuel droplets inside the burner. An
equivalence ratio of the gas phase, φg, of approximately 0.3 was estimated
using the First-Law energy balance approach given in [21], but taking into
account the temperature of the mixture at the outlet of the burner.
The jet exiting the nozzle is characterised by a polydisperse spray uni-
formly distributed in a mixture of fuel vapour and air. In the centre of
the jet, a flame is initiated by focusing a 532-nm Nd-YAG laser at 5 mm
downstream of the nozzle. The ignition energy of the laser is set between 10
and 50 mJ by adjusting the Q-switch delay of the laser and measuring each
pulse with pyroelectric energy sensors. Given breakdown of the mixture is
promoted by the laser spark initiating a small flame kernel, the kernel may
grow or quench while it is convected by the bulk flow. Issues concerning
the stochastic behaviour of the ignition process were the focus of previous
experiments with ethanol sprays [21]. In this work, experiments are carried
out with jet fuel and attention is given only to spark events resulting in the
development of a self-sustained flame, which is observed in the absence of
large-scale inhomogeneities and free from mixing effects.
2.1.2. Fuels
To study the effect of droplet size on the flame propagation characteristics
in sprays of low-volatility multi-component fuels, two jet fuels were selected.
The standard Jet A was compared to the ATJ-8, a commercial renewable jet
fuel derived from isobutanol through the alcohol-to-jet process. Both ATJ-8
and Jet A fuels are being studied under the United States’ National Jet Fuel
Combustion Program [36], being referred to as C-1 and A-2, respectively,
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following the nomenclature of the program. The fuels’ thermochemical sur-
rogate composition is shown in Table 1 for reference. ATJ-8 (C-1) is a fuel
formed primarily of C12 and C16 iso-paraffins, with 1% of aromatic content
[35], hence resulting in a characteristic bimodal distillation curve shown in
Fig. 2a. Additionally, Jet A and ATJ-8 present similar thermophysical prop-
erties controlling evaporation, that is, vapour pressure, specific heat, as well
as enthalpy of vaporisation of approximately 300 kJ/kg [35] (Fig. 2). Thus,
the resulting molar fraction of fuel in the gas phase is expected to be similar
between experiments with the two fuels, although a minor variation of φg
should occur due to the difference in the fuels’ average molecular formulas.
Additionally, both fuels present similar laminar burning velocities, with Jet
A presenting approximately 10% higher S◦u than ATJ-8 [37].
2.1.3. Visualisation and flow velocity
The flame is visualised in two different sets of experiments, shown in
Fig. 3. Simultaneous high-speed OH*-chemiluminescence and schilieren vi-
sualisation is carried out for a wide range of flow conditions, from which
the flame speed is evaluated. Additionally, simultaneous OH and fuel planar
laser-induced fluorescence provides a more detailed visualisation of the flame
front and the spray in the cross-sectional plane formed by the ignition beam
and the axis of the jet. In both experiments, the visualisation of the flame is
carried out within the first jet diameter downstream of the nozzle. A region
of 20×20 mm immediately downstream of the nozzle is imaged, characterised
by uniform velocity and droplet size profiles and also free from entrainment
of ambient air [21].
In the PLIF experiments (Fig. 3a), a single 283-nm laser sheet is used
to excite the fuel and the Q1(6) transition in the (1,0) vibrational band of
the OH. The fluorescence signal of the fuel and of the OH are individually
collected by two high-speed CMOS cameras (Photron SA1.1) coupled with
a two-stage image intensifier (LaVision HS-IRO, 500-ns gate), a Scheimpflug
extension bellow, and identical 100-mm UV lens. In the first camera, a
narrow band filter (10-nm FWHM) centred at 310 nm is used for the OH
fluorescence, thus blocking most of the wide-band fuel fluorescence as well
as the Mie scattering from the droplets. In the second camera, the fuel
fluorescence is captured using a 310-nm long pass filter, which blocks the
Mie scattering and the OH fluorescence. The fluorescence of the kerosene
is attributed to the fuel’s aromatic content, and occurs mostly between the
wavelengths of 320 nm and 360 nm once excited at approximately 283 nm, as
7
experimentally demonstrated by Orain et al. [38].
The 283-nm beam is obtained from a high-repetition diode-pumped solid-
state laser (JDSU Q201-HD, 532 nm, 14 W at 5 kHz, 18-ns pulse length)
which pumps a high-speed dye laser (SIRAH Credo model 2400) with a solu-
tion of rhodamine 6G and ethanol. The resulting 566-nm beam is doubled by
a BBO crystal and tuned at approximately 283 nm (at 300 mW, 60µJ/pulse).
Sheet-forming optics are used (Fig. 3a, 1-3) to produce a sheet of 20 mm in
height and approximately 0.1 mm in thickness, that is, of the same order of
the largest droplets. The sheet passes through a cut-off plate, which blocks
most of the diverging 532-nm ignition beam coming from the opposite di-
rection and aligned with the 283-nm sheet. The fluorescence signals of both
cameras are post-processed to correct for the sheet’s energy profile and pulse-
to-pulse fluctuations.
In the line-of-sight experiments (Fig. 3b), the high-speed cameras are
operated at 12 kHz and 80-µs exposure time. The camera setup used for OH*
chemiluminescence is the same as in the PLIF experiments, except for the use
of a wider (25-nm FWHM) 310-nm band-pass filter. All imaging parameters
of the system (e.g., gain, aperture, and shutter speed) were kept the same
during the experiments so that the OH* signal, representing the approximate
heat release in the flame [39], could be directly compared between conditions.
The schlieren system comprised of a CMOS camera (non-intensified), two
plano-convex lenses (200-mm and 500-mm), a 1-mm optical fibre and a Xenon
light source (Karl-Storz Xenon Nova 300). A 1.5-mm cut-off iris is also used
with a long-pass 475-nm filter to improve the sharpness of the image. A
resulting nominal resolution of 31.2µm/pixel is achieved in the line-of-sight
visualisation, while 15.6µm/pixel is achieved in PLIF imaging.
Prior to the visualisation experiments, a number of non-reacting tests
were carried out to identify the operating conditions at which a spray flow
with SMD of 16, 22, 28, and 33µm could be obtained for overall equivalence
ratios of 0.8, 1, and 1.4. For that, flow velocity and droplet size measure-
ments were performed with a Dantec FiberFlow while recursively adjusting
the carrier and the atomising air flow rates until the desired condition was
achieved. The system consisted of an Argon-Ion laser, a 500-mm transmit-
ting probe, and a 310-mm receiving probe. The probes were positioned at an
angle of 30◦ off-axis from the forward scattering direction, allowing for axial
velocity measurements and droplet size measurements up to 80µm, approx-
imately. Measurements were taken at the centre of the jet, at the exit of the
burner. For each measurement, approximately 20000 samples were obtained
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Table 2: Summary of experimental conditions
Experimental conditions
Fuels Jet A, ATJ-8
Sauter mean diameter 16, 22, 28, 33µm ± 1µm
Equivalence ratio 0.8, 1, 1.4
Preheat air temperature 100 ◦C
Outlet temperature 82 ◦C ± 2 ◦C
Bulk flow velocity 7.7 m/s ± 0.3 m/s
Axial velocity rms 0.2–0.6 m/s
Incident laser energy 10, 20, 50 mJ
at 1-kHz data rate and above 95% validation rates.
The experiments were performed for the conditions mentioned previously,
summarised in Table 2. For mixtures with an overall equivalence ratio φo of
0.8, 1, and 1.4, the incident laser energy was set as 50, 20, and 10 mJ, re-
spectively, resulting in roughly 50% of probability of a flame kernel to ignite.
At each test condition, 360 ignition attempts were performed at 2 Hz in the
line-of-sight experiments and 1 Hz in the PLIF experiments. Additionally, a
photodiode was used to monitor each spark event, independently triggering
the cameras after 150µs.
2.2. Flame speed
2.2.1. Measurement technique
Each OH* image sequence corresponding to an ignition event was bina-
rised based on an absolute threshold. The projected area of the flame Af was
evaluated from the binarised images, from which the mean radius of the flame
rf(t) was obtained by assuming an spherical flame, that is, rf =
√
Af/π. The










where ρb and ρu are the the densities of the burned and unburned gases,
respectively. Here, a series of approximations were made to estimate ρb and
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ρu, since the local (effective) equivalence ratio at which the flame burns is
unknown as liquid droplets may survive the flame, being found in the burnt
products. In the present approach to estimate Su, the unburnt density was
evaluated based on the density of the reactants assuming full vaporisation
of the fuel at the overall equivalence ratio and temperature equal to the
measured temperature at the outlet of the nozzle. Additionally, the burnt
density was evaluated at the adiabatic flame temperature for that mixture.
The unburnt flame speed was evaluated in respect to time for each indi-
vidual ignition event. Thus, a mean value Su corresponding to the unburnt
flame speed of a self-sustained flame at a given flow condition was calculated
considering ignition events only. For that, a time-averaged value of Su for
each ignition event was used, based on the last four images of the sequence,
before the flame reached any of the limits of visualisation window. At this
point, the effects of the spark on the flame were observed to be negligible, as
discussed in [21]. Still, due to the relatively small size of the flame kernels
limited by the jet diameter as well as the visualisation window, some effect
of stretch due to the mean curvature of the flame can still be expected.
Additionally, the flame curvature was evaluated from the OH PLIF image
sequence. The burnt and unburnt regions were defined based on an absolute
threshold corresponding to a progress variable of approximately 0.5. From
that, the flame front was described as a parametric curve x(s) and y(s), and
high-frequency variations were filtered using a Fourier-transform low-pass





where positive values of κ correspond to a convex flame front in relation to
its propagation direction.
2.2.2. One-dimensional calculations
The laminar burning velocity of a gaseous flame, S◦L,g, was obtained
from one-dimensional calculations of planar and freely propagating premixed
flames. Additionally, these calculations were also used to evaluate ρb and ρu
so that Su could be estimated. The 1-D calculations were carried out in the
software Cosilab [41], using the Dagaut [42] and the GRI-Mech [43] chemical
mechanisms for kerosene and methane, respectively. The laminar burning
velocity was evaluated for a range of equivalence ratios, and used for com-
parison with the present experimental data concerning the stretched unburnt
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flame speeds in the methane-air spherically-expanding flames (used for vali-
dation) and the jet fuel-air spray flames.
2.3. Validation
The proposed method for evaluating the unburnt flame speed was val-
idated through experiments with laminar methane-air flames. For these
experiments, the flow lines to the atomiser were kept closed and the to-
tal premixed methane-air flow was injected at the bottom of the burner,
hence minimising turbulence and improving mixing. Measurements of Su in
methane-air mixtures were carried out in a 3-m/s jet at ambient temperature,
with the mixture equivalence ratio varying between 0.7-1.3 and incident laser
energies of 40 and 60 mJ. Toroidal-like flame kernels typical of laser ignition
were observed for all experimental conditions, developing steadily within the
visualisation window as shown in Figs. 4a-b. The instantaneous OH* and
schlieren images of the flame moments before reaching the limits of the vi-
sualisation window are also shown in (b) and (c), respectively.
The mean stretched unburnt flame speed Su was evaluated and compared
to the unstretched values obtained from Cosilab calculations using the GRI-
Mech [43] and the experimental data from [44] (Fig. 5). Consistent results
were found between the results for two different energy levels, indicating
the suppression of plasma-cooling effects on the flame. Good agreement
between the measurements and the numerical and experimental data used
as reference was found for lean to stoichiometric mixtures, although some
difference between the experimental and reference values was observed for
rich mixtures. The latter effect could be associated with stretch effects caused
by flame curvature and higher Lewis number found in rich conditions [45].
It is expected that such errors associated with the mean radius of the flame
should be of less importance in a spray flame, as droplet-induced curvature
and other effects highlighted in Sec. 3 are likely to have a stronger impact on
flame speed. Indeed, since the spray flames are wrinkled due to turbulence
and due to droplet-scale effects, it is not clear how one could employ, in
this case, stretch corrections used to obtain the laminar burning velocity, S◦L,
from measurements of stretched laminar flame speed, SL [40].
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3. Results and discussion
3.1. Spray characteristics
The distribution of droplet sizes was controlled by varying the air flow rate
into the atomiser, allowing for experiments where d32 and φ were indepen-
dently set. The droplet size distributions followed a modified Rosin-Rammler
distribution [46],






where the parameters Xm and qm were obtained by fitting of the experimen-
tal data. Rosin-Rammler distributions are shown in Fig. 6 for a lean mixture
of ATJ-8 concerning the (a) accumulated liquid volume and (b) probability
density functions of droplet size. In the figure and throughout this paper,
the colours depict four different degrees of atomisation. Tables 3-4 give the
parameters for a modified and regular Rosin-Rammler distributions, respec-
tively, for all spray conditions investigated. Thus, the spray characteristics
can be accurately implemented in any future numerical simulations of the
present experiment. Further, the Stokes number of the droplets was evalu-
ated based on the longitudinal integral length scale of the flow, L11, and the
axial velocity root mean square (rms) fluctuation, u′z. The integral length
scale was evaluated from the normalised autocorrelation of the turbulent fluc-
tuation signal from PDA/LDA measurements, being approximately 9.5 mm
[21]. Droplets between 10-30µm had a Stokes number between 0.01-0.1, thus
closely following the flow.
The uncertainty associated with the variation of d32 between experiments
with a fixed φ was approximately ±1µm for a confidence interval of 95%,
while the derived experimental uncertainty [47] of φ was ±0.3%. In addition
to that, some variation of the axial velocity rms u′z occurred within the ex-
periments. A negative correlation between u′z and d32 was observed (Fig. 7),
as varying the atomising air flow to control atomisation affected the genera-
tion of turbulence in the jet through the shear between the spray cone and
the carrier flow within the burner. Still, experiments were carried at rela-
tively low turbulence levels corresponding to a regime of weakly corrugated
premixed flame (u′z/SL,g,φ=1 between 0.6-1.4).
Further, the Group combustion number G, representing the ratio of the
rate of droplet evaporation to the transport of gaseous species by diffusion
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Table 3: Parameters of the Modified Rosin-Rammler distributions.
Jet A ATJ-8
φ d32 Xm qm d32 Xm qm
0.8 33 50.1 8.38 33 47.8 8.66
0.8 27 44.7 7.23 28 40.0 7.35
0.8 23 38.0 6.12 23 34.6 6.62
0.8 16 27.9 5.04 16 25.7 5.29
1.0 32 52.9 8.87 34 47.3 7.72
1.0 28 46.4 7.59 29 42.6 7.35
1.0 21 38.5 6.13 23 32.7 5.85
1.0 17 28.0 5.01 16 26.1 5.29
1.4 33 52.3 8.64 33 48.6 7.75
1.4 27 47.0 7.36 28 42.9 6.71
1.4 21 37.4 6.34 23 31.8 6.43
1.4 16 28.2 5.20 17 21.9 5.75
Table 4: Parameters of the Rosin-Rammler distributions.
Jet A ATJ-8
φ d32 X q d32 X q
0.8 33 48.5 2.30 33 50.8 2.20
0.8 27 40.7 2.05 28 45.6 1.95
0.8 23 35.3 1.92 23 39.0 1.72
0.8 16 26.4 1.68 16 28.9 1.54
1.0 32 48.2 2.06 34 53.6 2.30
1.0 28 43.4 2.01 29 47.2 2.03
1.0 21 33.5 1.72 23 39.5 1.71
1.0 17 26.9 1.68 16 28.9 1.53
1.4 33 49.4 2.06 33 53.2 2.24
1.4 27 43.8 1.83 28 47.8 1.96
1.4 21 32.4 1.93 23 38.3 1.79








where Red is the droplet Reynolds number, and Sc and Le are the Schmidt
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number and the Lewis number of the kerosene vapour-air mixture, respec-
tively. The parameter d is the droplet diameter, evaluated as simply the
Sauter mean diameter of the flow, d32. In order to evaluate the the number
of droplets in the cloud N and the mean droplet spacing ld, a volume with
characteristic length of the order of L11 was assumed. Within the present
conditions, G increased with φ and d32, ranging from approximately 10 to
less than 100 for φ of 0.8 and 1, and to over 100 for φ of 1.4. The range
of 1 < G < 100 represents the external combustion mode [22], and is char-
acterised by an increasing droplet burning rate from the centre of the cloud
towards its outer layer as as G increases. For higher values of G, above 100,
the combustion mode was defined as sheath combustion, which indicates that
droplet vaporisation within the cloud is negligible and occurs mostly in a thin
external layer of the cloud [22]. In Sec. 3.3, G and φ are used to classify the
experimental conditions in terms of the propagation modes observed.
3.2. Flame speed and general characteristics
The effect of the spray SMD on the unburnt flame speed of Jet A and
ATJ-8 is shown in Fig. 8a. The measurements were also given in terms of
the overall equivalence ratio of the mixture for comparison with the calcu-
lated gaseous premixed laminar burning velocity (b). Overall, increasing the
polydispersity of the spray and consequently its SMD was detrimental to
Su (Fig. 8a). This effect was verified in stoichiometric and rich mixtures of
both fuels, with ATJ-8 being faster than Jet A as the SMD increased in rich
conditions. Also, the measured flame speeds were generally lower than the
gaseous laminar burning velocity for a mixture with the same φ (Fig. 8b).
This distinct difference between Su(φ) of the spray and S
◦
L,g(φ) indicates that
one of the controlling parameters of flame speed in spray flames is the ef-
fective equivalence ratio at the leading edge of the propagating front rather
than the overall equivalence ratio of the spray, φ, as pointed out in previ-
ous numerical works [17]. Thus, spray flames usually propagate at a leaner
equivalence ratio than the overall equivalence ratio of the mixture [28, 19]
and may present Su values that are significantly higher than the stoichiomet-
ric gaseous condition, as in cases with φ =1.4 for all atomisation conditions
investigated here (Fig. 8b). It should be noted that the values of Su reported
are stretched values. Thus, effects of non-equidiffusive conditions at the flame
front can be expected to increase the effect of stretch on the measured Sb in
the present jet fuel-air flames, especially due to the relative small size of the
flame kernels. The raw measurements of the burnt flame speed Sb as well as
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the calculated densities of the burnt gases and fresh mixture used to evaluate
Su are given in Table 5 of the Appendix.
In addition, flame speeds higher than the estimated turbulent burning
velocity were verified in these experiments. The flame speed measurements
were normalised in terms of the gaseous turbulent burning velocity, which
was calculated based on the laminar burning velocity and the correlation
proposed in [48]. For that, the respective parameters of the mixture and
the flow were considered at each test condition. These results are shown
in Fig. 8 in terms of (c) SMD and (d) u′z/S
◦
L,g. Flame speeds higher than
ST,g were observed for most of conditions with φ = 1.4, with the highest
absolute values being at fine atomisation conditions (d32=16-22µm). Other
than the flame propagating at an effective equivalence ratio different from
the overall value, the presence of droplets inside the flame has been observed
to contribute to the high flame speed values found in previous DNS works
[16, 20]. This phenomenon is visualised and discussed further in Sec. 3.3.
Additionally, a slight increase of Su with SMD (Fig. 8a,c) was present under
lean conditions for both fuels, as opposed to the negative correlation found
under stoichiometric and rich conditions. This positive effect of large droplets
was verified even though u′z/S
◦
L,g decreased with SMD (Fig. 8d). This has
also been observed in other experimental works, which attributed to the
inhomogeneities caused by large droplets, facilitating the flame propagation
[11].
Another important observation is that the measured flame speed in all
lean conditions was distinctly low and similar to the laminar burning veloc-
ity at the lower flammability limit (Fig. 8b). The present results illustrate
different ways in which flame speed enhancement may take place, in rela-
tion to a gaseous mixture or even a finer spray, for example. In Sec. 3.3,
the mechanisms of flame propagation are discussed in detail through direct
observations of the ignition event, offering visual evidence to explain the
behaviours observed in Fig. 8.
Figure 9 shows the main characteristics of typical spray flames for the
range of conditions studied. Jet A flames at 1 ms after the spark are shown
through (a) OH* and (b) schlieren visualisation, with coarse (d32=33µm)
and fine (d32=16µm) atomisation cases shown at the top and bottom rows,
respectively, and φ of 0.8, 1, and 1.4 from left to right. The visualisation area
shown for each flame is exactly the same between the OH* and the schlieren
image, with the latter being flipped, or mirrored, in relation to its vertical
axis for convenience. Also, as noted previously, the visualisation settings
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were kept the same during all experiments, hence the OH* signal can be
directly compared between conditions.
The difference between fine and coarse atomisation can be seen in the
schlieren images of Fig. 9b. The small black dots in the image represent the
shadowgraph of large droplets in the flow (top row), while only a homoge-
nous grey region can be seen where a monodisperse-like spray was obtained
and droplets cannot be individually identified (bottom row). The presence
of a polydisperse spray with high SMD gave rise to pockets of strong heat
release in the flame. These are likely large individually burning droplets,
as the presence of liquid fuel in that region was confirmed through PLIF
visualisation. In contrast, a high heat release concentration was found in
elongated regions of the flow with length of the order of L11. This char-
acteristic suggests that the highly dense OH* regions could be related to
reaction occurring in clusters of droplets, as droplets with Stokes number
around unity tend to accumulate due to turbulence [49]. It should be noted
that such wrinkled structures were hardly found in the PLIF images due to
their three-dimensional character.
3.3. Flame propagation mechanisms
Three distinct flame propagation modes were observed in the present
experiments. The first was characterised by a homogenous gaseous-like flame
front, which also exhibited aspects of the sheath combustion mode described
in [22]. The second propagation mode was characterised by strong reaction
occurring only around large droplets. Finally, the third mode lied in between
the two others, exhibiting a homogenous heat release across the flame but also
some zones of high heat release around large droplets. The first propagation
mode is referred to as gaseous-like mode throughout this text, while the
second and third mode fit the description of the droplet and inter-droplet
propagation modes given by Neophytou et al. [20] in their DNS work, thus
the same terms are used.
3.3.1. Droplet propagation mode
This mode was characteristic of lean mixtures with SMD between 16-
33µm. In Fig 10, an OH* line-of-sight image sequence illustrates a typical
event exhibiting droplet-propagation mode (a). The role of fuel droplets in
such mode can be better understood through the OH/fuel PLIF sequence of
an additional event show in (b). In the PLIF images, the OH signal is shown
in colour and the cubic root of the fuel fluorescence signal (representing the
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droplet diameter) is shown in a grey scale. It should be noted that the
fuel fluorescence signal being imaged is mostly from the liquid phase due
to a much higher molecular number density in comparison to the gas phase.
Also, due to the relatively low signal of small droplets combined to the image
resolution, the smallest droplets seen in the image have an approximate size
of 10-30µm, estimated as the same order of magnitude of the sensor pixel. To
allow the visualisation of very low heat release zones in (a), the OH* colour
map was rescaled to a logarithmic form specifically in this propagation mode.
The propagation of the flame occurred preferentially through bridges be-
tween large droplets or groups of droplets, similarly to the propagation mech-
anism observed in a stroichioimetric 20-µm monodisperse spray of n-heptane
[20]. Although the line-of-sight character of OH* experiments makes it dif-
ficult for a precise assessment of the flame front (Fig 10a), burning droplets
seemed to have allowed for the local advancement the flame front towards the
fresh mixture, which in turn ignited new large droplets. This can also be seen
in the PLIF sequence (Fig 10b), where the flame front can be understood to
lie at the leading edge of the OH-dense region, between this and the droplet
field. In these regions, the flame front seemed to propagate faster than the
average front, suddenly engulfing parts of the flow.
In the experiments, the propagating front surrounding the large burning
droplets exhibited an especially low OH* signal, approximately ten times
lower than in the vicinity of a droplet, indicating significant fuel deprivation
and low heat release in those areas. Additionally, local extinction was ob-
served in parts of the flame front lacking the presence of large individually
burning droplets. These localised sources of heat release have been verified
in DNS to allow for the reaction even in below-flammable inter-droplet gas
phase [20], which seems to be the phenomenon taking place in Fig 10a. How-
ever, in contrast to DNS [20], droplet-mode propagation occurred only at φ of
0.8 for a similar d32. This is likely associated to the prevaporised fuel present
in the inter-droplet space (φg = 0.3), in addition to numerous small droplets
in the 1-10µm range, which should present fast evaporation time scales. It
should be noted that in a polydisperse spray, the amount of fuel accumulated
in droplets smaller than what can be clearly resolved by the camera sensor
(d<15µm), being most of the droplets in the flow, accounted for roughly
25% of the liquid fuel. Hence, considering the prevaporised fuel in the gas
phase, large and scarce droplets must have accounted for approximately half
of the energy released through combustion.
Moreover, the overall ignition of the flame was strongly attributed to the
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presence a few large droplets at the location of the spark, verified in the
first few frames of the event. Typically, immediate quenching of the flame
was verified in events that did not exhibited individually burning droplets
following the spark. As verified in DNS of sprays [16, 17] and stratified
gaseous mixtures [50], mixture inhomogeneities may facilitate the reaction
in regions of optimal equivalence ratio, consequently enhancing the overall
ignition of the flame. Thus, the slight increase in flame speed with SMD
observed for both Jet A and ATJ-8 (Fig. 8a) may be associated with this
mechanism.
3.3.2. Inter-droplet propagation mode
For sprays in the 21-33µm SMD range, the heat release across the flame
was significantly more homogenous in stoichiometric to rich mixtures (Fig. 11a)
than in lean mixtures characterised by the droplet propagation mode (Fig. 10a).
This effect seemed to be a consequence of fast evaporation rates found close to
the flame front, as suggested by the PLIF sequence (Fig. 11b) with droplets
quickly disappearing as they approached the flame. Consequently, a less
stratified inter-droplet region is expected, richer than in overall lean mix-
tures with the same droplet sizes.
Further, the expansion of the flame pushed small droplets in its vicinity
away towards its propagation direction, eventually leading to their full evap-
oration. Yet, large droplets survived the propagating front likely due to their
higher momentum, evaporating significantly close to the flame front and pro-
ducing small regions of high curvature. As a result, OH* inhomogeneities was
verified across the flame, likely around large droplets penetrating the flame
or in regions where full droplet vaporisation occurred at the flame front. This
effect is less visible for ATJ-8 (Fig. 11a), but is clearly seen in Jet A (Fig. 9a)
for the same condition (φ=1.4, d32=33µm). Nevertheless, the OH* signal
was still generally higher and more uniform than for droplet-propagation
cases. These observations are, again, consistent with previous DNS works
[16, 20, 28], and describe the inter-droplet ignition mode as defined in [20].
Interestingly, some of the largest droplets in the flow fully penetrated the
flame front reaching the centre of the burnt gases, where they continued to
evaporate. Typically, this type of phenomenon is observed in spray flames
where large droplets are ballistic, due to the high momentum provided by the
atomisation nozzle, which may cause local extinction of the flame [31]. In the
present experiments, this phenomenon is attributed to the slow evaporation
timescale of the droplets compared to the front speed due to the fuel’s low
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volatily. Moreover, although a precise evaluation of the change in droplet
size is not feasible in PLIF studies due to potential out-of-plane motion, the
dark regions surrounding the droplets inside the flame indicate the lack of
OH as a consequence of a high concentration of fuel vapour. Due to high
evaporation rates induced by the high temperatures found inside the flame,
combustion products including OH were likely pushed away from the droplets
due to a Stefan flow. The OH-poor regions slowly disappeared, indicating a
fast diffusion process of fuel within the burnt products. This phenomenon
has been used to explain the unusually high flame speeds that can be found
in spray flame. The diffusion of fuel in the products side towards the reaction
zone [16] and its possible pyrolysis due to the high combustion temperatures
[20] are two possible contributions. Still, the highest flame speeds in the
present experiments (Fig. 8) were found for conditions where full vaporisation
occurred ahead of the flame, as described in the next section.
Characteristic curvatures concerning two individual events for each fuel
at the above-mentioned flow conditions are presented in Fig. 12, with the
shape of the flame front shown in (a) and its respective curvature proba-
bility density function (pdf) in (b). The flames exhibited the characteristic
toroidal shape of laser ignition, arising from the fact that the centre of prop-
agation of the shock-wave following the spark is slightly shifted up the laser
beam relative to the centroid of the breakdown plasma, as discussed in [51].
Propagation occurred at a wide range of curvature values, with virtually no
difference between the two fuels. A preferential positive curvature value of
approximately 0.2 mm−1 was found at 1.35 ms after the spark, that is, corre-
sponding to approximately the mean radius of the flame. Still, a significant
portion of the flame propagated at negative curvature values, which were
attributed to the presence of droplets and turbulence. As a result of this
effect, an asymmetric pdf was observed, which differ from findings in gaseous
turbulent premixed flames [52, 53]. The presence of negative curvatures have
also been observed in DNS of spray flames both in laminar and turbulent
conditions (Su/S
◦
L,g,φ=1=0–8; G  1; d/δf =0.02–0.06) [18, 19]. Although
turbulence may mask the contribution of droplets to flame curvature, a clear
widening of the curvature pdfs as turbulence increased has been noticed in
[18]. This effect can be identified directly in the present experiments by
looking at a large droplet approaching the flame front, as shown in Fig. 13.
The position of the flame front as well as the fuel droplets at three distinct
moments are shown in Fig. 13a, with the respective flame curvature pdf for
the region of the flame isolated in (a) is shown in (b). Significant wrinkling
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of the flame occurred as the large droplet approached the flame, resulting in
a wide range of negative curvature values and a decrease of the preferential
curvature value of the flame found in the probability density function.
3.3.3. Gaseous-like propagation mode
From the inter-droplet propagation mode, decreasing the SMD of the
rich spray further to 16µm led to flame propagation in a gaseous-like fash-
ion (Fig. 14). At this condition, virtually all droplets evaporated far from
the flame, giving rise to a thick and fully gaseous layer between the spray
and the flame front (Fig. 14b), similarly to what is found in sheath combus-
tion mode for high G [22]. A regime diagram for the range of experimental
conditions and their respective Group number is given in Fig. 15, with the
sheath-combustion line (G=102) [22] added for reference. Further, due to
evaporation occurring far ahead of the flame, the gaseous-like propagation
mode exhibited the highest and most homogenous OH* levels (Fig. 14a)
within the range of experimental conditions. Evidence from DNS results
of [18] has shown that, for similar conditions, such increase in heat release
occurring as droplet sizes decrease is a direct consequence of predominantly
premixed-type reactions as opposed to predominantly non-premixed; the lat-
ter occurring in cases similar to the presented droplet-propagation regimes.
Further, in a few events, scarce large droplets were observed in the gaseous
layer, nearly reaching the flame. However, full penetration of such droplets
across the flame was not observed, with full evaporation occurring within
roughly 600µs once the droplets entered the gaseous layer. This effect is also
reflected in the curvature plots, as propagation at a slightly wider range of
curvatures was observed in relation to the inter-droplet mode, with the pdfs
exhibiting a more symmetric shape (Fig. 16).
4. Conclusions
This work presented a direct experimental visualisation of the propaga-
tion mechanisms of spray flames. OH* chemiluminescence, schlieren, and
simultaneous OH/fuel PLIF imaging were used to visualise the ignition and
development of spherically expanding flames in uniformly distributed poly-
disperse droplets in a turbulent jet. Three distinct propagation modes were
identified: the droplet, inter-droplet, and gaseous-like propagation modes.
The droplet-propagation mode, typical of lean mixtures (φ=0.8, SMD 16-
33µm), was characterised by concentrated reactions around large droplets
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or groups of droplets immediately following the spark. These individually
burning droplets allowed for the local propagation of a flame front marked
by considerably low heat release levels. Thus, successful ignition of the flame
kernel relied on the propagation of this front to ignite new large droplets in
its vicinity. In the absence of individually burning droplets, local extinction
was found. These observations are in agreement with DNS, confirming the
presence of a slowly propagating flame front due to reaction occurring in
below-flammable inter-droplet space even at times greater than the duration
of the spark effects on the flame. Significantly low flame speeds of roughly
0.1 m/s were verified in such conditions. Still, a slight increase of flame
speed with SMD was observed both in Jet A and ATJ-8 fuels, possibly due
to the enhancement of small-scale mixture inhomogeneities arising from a
more polydisperse spray.
A more vigorous and uniform flame front was found in stoichiometric to
rich conditions (φ=1-1.4, SMD 16-27µm) as a result of increased evapora-
tion of the droplets ahead of the flame. In this inter-droplet propagation
mode, a negative correlation of flame speed with SMD was observed, with
ATJ-8 presenting faster flame speeds than ATJ-8 at φ of 1.4 and high SMD.
Further, the behaviour of flame speed with SMD at stoichiometric to rich con-
ditions is expected due to the decrease of the surface area of the spray, being
detrimental to evaporation. Nonetheless, the measured flame speed values
were noticeably higher than the laminar burning velocity of the counterpart
gaseous mixture. The unusually high flame speeds have been observed in
DNS and associated with an additional influx of pyrolysed fuel from droplets
that penetrate the flame. In the experiments, evaporation of the droplets and
diffusion of fuel within the burnt products were also observed, corroborat-
ing the numerical findings. Additionally, negative droplet-induced curvature
values were observed as droplets approached the flame, while large droplets
fully penetrated through the flame.
Finally, the highest flame speeds were observed once the SMD decreased
to 16µm in the rich spray (φ=1.4), leading to a dense spray and the gaseous-
like propagation mode. A suppression of the droplet-induced effects (i.e.
wrinkling and penetration) was verified, giving rise to a fully gaseous layer
ahead of the flame and, therefore, a flame front more commonly found in
propagation in very fine mists or sprays of volatile fuels such as ethanol.
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Appendix
Table 5 presents the measured values of burnt flame speed Sb (i.e., the
speed at which the flame front propagates relative to the lab coordinates) as
well as the densities of the burnt products and of the reactants. These were
used to estimate the values of stretched unburnt flame speed through Eq. 2,
which are reported in Fig. 8 for all the experimental conditions of this work.
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Table 5: Measured values of the burnt flame speed, and respective values of burnt and
unburnt densities obtained from 1-D calculations used to evaluate the unburnt flame speed.
Jet A ATJ-8 1-D calc.
φ d32 Sb d32 Sb ρb ρu
(-) (µm) (m/s) (µm) (m/s) (kg/m3) (kg/m3)
0.8 33 0.58 33 0.83
0.161 1.02
0.8 27 0.47 28 0.62
0.8 23 0.47 23 0.73
0.8 16 0.33 16 0.54
1.0 32 1.01 34 1.26
0.148 1.03
1.0 28 1.13 29 1.09
1.0 21 1.29 23 1.47
1.0 17 1.86 16 1.58
1.4 33 2.07 33 3.20
0.152 1.05
1.4 27 2.68 28 3.69
1.4 21 3.61 23 3.83





























Figure 1: Schematic representation of (a) the apparatus and (b) the laser ignition system.
The components of the system are: (1) burner, (2) air-assist atomiser, (3) particulate
and coalescent filters, (4) pressure regulator, (5,8) flow controller, (6,9) in-line heater, (7)
flow splitter, (10) Coriolis flow meter and gear pump, (11) 30-mm plano-convex lens, (12)
75-mm plano-convex lens, (13) -30-mm plano-concave lens, (14) beam-splitter, (15,16)
pyroelectric energy meters. Modified from [21].
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Figure 2: (a) ASTM D86 distillation curve and (b) vapour pressure and heat capacity of
Jet A and ATJ-8. Data obtained from [35].
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Figure 3: Schematic representation of the (a) OH/fuel planar laser-induced fluorescence
setup and (b) OH*-chemiluminescence and schlieren setup. The components of the system
are: (1) 100-mm plano-convex cylindrical lens, (2) -30-mm plano-concave cylindrical lens,
(3) 20-mm plano-convex cylindrical lens, (4) cut-off plate, (5) 1-mm optical fiber, (6)
200-mm plano-convex lens, (7) 500-mm plano convex lens.
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Figure 4: Instantaneous (a) OH* and (c) schlieren image of the methane premixed flame at
2 ms after the spark. The evolution of the (c) shape and (d) radius of the flame calculated













Figure 5: Comparison of experimental measurements of Su carried out in a laminar
methane-air jet against one-dimensional calculations using Cosilab and [43], and experi-


























Figure 6: Example of Rosin-Rammler distributions of (a) accumulated volume and (b)

















Figure 7: Resulting axial velocity rms fluctuation in terms of the spray SMD for (a) Jet
A and (b) ATJ-8.
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Figure 8: Effect of droplet size on the measured unburnt flame speed of (a) Jet A and ATJ-
8. A comparison against the gaseous laminar burning velocity of a 1-D gaseous premixed
flame using the Dagaut chemical mechanism [42] is shown in (b). The measurements in
(a) were normalised in terms of the gaseous turbulent burning velocity calculated using
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Figure 9: Simultaneous (a) OH* and (b) schlieren snapshots of characteristic Jet A flames
1 ms after the spark. Based on [33].
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Figure 10: Examples of droplet propagation mode visualised by (a) OH* and (b) OH/fuel
PLIF – Jet A, φ=0.8, d32=33µm. OH* signal in (a) is shown in a logarithmic scale
revealing the low heat-release zones.
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Figure 11: Examples of inter-droplet propagation mode visualised by (a) OH* and (b)














Figure 12: Shape of the flames (a) and respective curvature pdfs (b) for Jet A and ATJ-8








Figure 13: Effect of droplet penetration on the flame curvature – ATJ-8, φ=1.4,
d32=33µm.
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Figure 14: Example of independent events visualised by (a) OH* and (b) OH/fuel PLIF
– ATJ-8, φ=1.4, d32=16µm.
42

























Figure 15: Ignition-mode diagram for the present experimental conditions. Symbols and














Figure 16: Shape of flame kernels (a) and respective curvature pdfs (b) for Jet A and
ATJ-8 at 1.35 ms after the spark – φ=1.4, d32=16µm.
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